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Artificial soils to assess temperature sensitivity of the decomposition of
model organic compounds: effects of chemical recalcitrance and clay-
mineral composition
Abstract
Understanding the temperature sensitivity of soil organic matter (SOM) decomposition is important to
predict the response of soil carbon (C) dynamics to projected global warming. There is no consensus,
however, as to whether or not the decomposition of recalcitrant soil C is as sensitive to temperature as is that
of labile soil C. Soil C is stabilized by three mechanisms: chemical recalcitrance, mineral interaction and
physical accessibility. We used artificial soils with controlled compositions to assess the effects of chemical
recalcitrance (cellulose compared with lignin) and clay-mineral composition with montmorillonite (M) or
kaolinite (K) on the decomposition of model organic compounds at 2, 12, 22 and 32°C. When only substrate
composition was varied, the presence of cellulose enhanced the decomposition rate of lignin. Treatments with
relatively large amounts of cellulose were very sensitive to temperature only at low temperatures (2–12°C),
whereas treatments with relatively large amounts of lignin had similar temperature sensitivities at all
temperatures. When only clay-mineral composition was varied, CO2 production rates were greatest in soils
containing kaolinite-montmorillonite mixtures (10% K:20% M) and least in soils containing kaolinite only at
temperatures ≥12°C. Clay mixtures and pure montmorillonite treatments had their greatest temperature
sensitivities at 2–12°C, whereas pure kaolinite treatments had the greatest temperature sensitivities at
12–22°C. Temperature sensitivities at the highest temperatures (22–32°C) were all small (Q10 < 1.1 on days
30 and 140). Artificial soils with controlled but flexible compositions may serve as simple and useful models
for evaluating SOM dynamics with a minimum of confounding factors.
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Summary
Understanding the temperature sensitivity of soil organic matter (SOM) decomposition is important to predict
the response of soil carbon (C) dynamics to projected global warming. There is no consensus, however,
as to whether or not the decomposition of recalcitrant soil C is as sensitive to temperature as is that of
labile soil C. Soil C is stabilized by three mechanisms: chemical recalcitrance, mineral interaction and
physical accessibility. We used artificial soils with controlled compositions to assess the effects of chemical
recalcitrance (cellulose compared with lignin) and clay-mineral composition with montmorillonite (M) or
kaolinite (K) on the decomposition of model organic compounds at 2, 12, 22 and 32◦C. When only substrate
composition was varied, the presence of cellulose enhanced the decomposition rate of lignin. Treatments
with relatively large amounts of cellulose were very sensitive to temperature only at low temperatures
(2–12◦C), whereas treatments with relatively large amounts of lignin had similar temperature sensitivities at
all temperatures. When only clay-mineral composition was varied, CO2 production rates were greatest in soils
containing kaolinite-montmorillonite mixtures (10% K:20% M) and least in soils containing kaolinite only
at temperatures ≥12◦C. Clay mixtures and pure montmorillonite treatments had their greatest temperature
sensitivities at 2–12◦C, whereas pure kaolinite treatments had the greatest temperature sensitivities at
12–22◦C. Temperature sensitivities at the highest temperatures (22–32◦C) were all small (Q10 < 1.1 on
days 30 and 140). Artificial soils with controlled but flexible compositions may serve as simple and useful
models for evaluating SOM dynamics with a minimum of confounding factors.
Introduction
Soil organic matter (SOM) contains two times more carbon
(C) than is present in the atmosphere or in living plants
(Schlesinger, 1991), and soil CO2 efflux is the second largest C
flux in terrestrial ecosystems (Raich & Schlesinger, 1992). Even
a 20% warming-induced increase in SOM decomposition would
surpass the CO2 emitted to the atmosphere from fossil fuel com-
bustion and land-use changes, thereby creating a possible positive
feedback where larger CO2 emissions would cause even greater
global warming (Conant et al., 2008).
It is unclear whether global warming would increase C emis-
sions from the large stock of recalcitrant SOM to the same extent
as warming stimulates the decay of labile SOM. Despite the
large number of studies addressing this issue, both in the field
and laboratory and using experimental and modelling approaches,
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no consensus has been reached (von Lu¨tzow & Ko¨gel-Knabner,
2009). There are two opposing views. The first is that the tem-
perature sensitivity of recalcitrant-C is similar to, or greater than,
the sensitivity of labile C, in which case warming might cause
a positive feedback, triggering more C release and thus more
warming (Fang et al., 2005; Fierer et al., 2005). The alternative
is that the decomposition of recalcitrant-C is less sensitive or
insensitive to temperature, in which case warming would only
increase soil CO2 emissions from labile C over the short term
(Giardina & Ryan, 2000; Bradford et al., 2008). Davidson &
Janssens (2006) attributed the opposing views to (i) the diversity
of SOM components, which exhibit a wide range of intrinsic tem-
perature sensitivities and (ii) several environmental constraints that
obscure the intrinsic temperature sensitivity of substrate decom-
position. SOM contains a mixture of organic compounds that
vary in size, mass, structure and composition, and have different
decomposition turnover rates (Krull et al., 2003). Environmental
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constraints such as chemical adsorption to mineral particles, physi-
cal isolation within soil aggregates drought, flooding and freezing
further complicate the chemical and biochemical behaviours of
soil organic materials with respect to their decomposition.
Sollins et al. (1996) argued that stabilization of SOM results
from three general sets of characteristics: chemical recalcitrance,
mineral interactions and physical accessibility. Chemical recal-
citrance derives from molecular-scale characteristics of organic
substances. Mineral interactions refer to the intermolecular inter-
actions between organics and either inorganic substances or other
organic substances. Physical accessibility refers to the location of
organic substances with respect to microbes and enzymes.
To understand better the potential response of SOM decomposi-
tion to global warming, we created artificial soils with controlled
compositions that were altered in single-factor experiments. We
specifically examined the temperature sensitivity of the decom-
position of model organic compounds that varied in chemical
recalcitrance or clay-mineral composition. Cellulose and lignin
are two abundant organic compounds in natural ecosystems that,
because of differences in their molecular structures, represent
organic substrates with different chemical recalcitrance (Hamer
& Marschner, 2002). Cellulose degrades faster than does lignin.
Montmorillonite is a 2:1 clay that has greater specific surface
area than the 1:1 kaolinite clay; the greater surface area has a
greater adsorption capacity for organic compounds (Bohn et al.,
1979). Montmorillonite and kaolinite were thus used as two clays
representing different adsorption capacities.
Artificial soils are widely used in the horticultural industry to
generate large amounts of potting media, and in engineering to
create soils with known chemical and physical properties (Guest
et al., 2001). The use of artificial soils, however, in scientific
research in biogeochemistry is limited (Ellis, 2004; Adani & Spag-
nol, 2008). The advantage of using carefully constructed artificial
soils for scientific research is the ability to control and replicate
soil characteristics and to vary the properties of interest while
strictly controlling other soil characteristics. By using artificial
soils with reproducible characteristics, we can minimize the het-
erogeneity and complexity that characterize natural soils.
The objective of this study was to use artificial soils to evaluate
how chemical recalcitrance and clay-mineral compositions indi-




The artificial soils used in these studies were designed to mimic
the characteristics of natural soils while providing the control
needed for scientific experimentation. Some critical characteristics
needed for appropriate microbial activities included good texture
and micro-structure, soil water-holding properties and near-neutral
pH. Other characteristics such as chemical recalcitrance of organic
compounds and clay-mineral compositions were varied in con-
trolled proportions. The components of the artificial soils included
natural sand containing a mixture of rock materials, acid-washed
silica sand, Ca-type montmorillonite, kaolinite, garden lime, humic
acid, yeast extract, starch, cellulose, lignin and fertilizer (Table 1).
Natural sands were combusted at 550◦C for 4 hours to remove
possible organic matter. Kaolinite is a non-swelling 1:1 clay whose
binding surfaces are primarily external, whereas montmorillonite
is an expandable 2:1 clay with approximately 80% of the binding
surfaces being interstitial. Montmorillonite also has 10–30 times
more ion-exchange capacity and 20–70 times more surface area
than kaolinite (Bohn et al., 1979). Our montmorillonite and kaoli-
nite clays had different pH, so garden lime was used to adjust
soil pH in the clay-mineral experiment. The addition of commer-
cial humic acid, which is recalcitrant to biodegradation (Qualls,
2004), to soils was intended to increase the content of available
micronutrients, aid microbial growth and increase rates of organic
Table 1 The essential components of the artificial soils that were constructed, their purchase information and their functions in the soils
Components Company Catalogue number Location Function
Natural sand Hallett Material Co. NA Ames, IA Provide appropriate soil texture; provide
mineral nutrients
Acid-washed sand Sigma-Aldrich Co. 18649 St Louis, MO Provide appropriate soil texture
Kaolinite Sigma-Aldrich Co. 03584 St Louis, MO 1:1 non-expanding clay
Montmorillonite Sigma-Aldrich Co. 281522 St Louis, MO 2:1 expanding clay
Garden lime Earl May Nursery & Garden Center NA Ames, IA Adjust soil pH
Humic acid Sigma-Aldrich Co. 53680 St Louis, MO Essential organic matter in soil; increase
content of available micronutrients
Yeast extract Sigma-Aldrich Co. Y1625 St Louis, MO Provide N source and stimulation of
microbial growth
Starch Walmart NA Ames, IA Provide labile C source
Lignin Sigma-Aldrich Co. 370959 St Louis, MO Provide relatively resistant C source
Cellulose Sigma-Aldrich Co. C6288 St Louis, MO Provide intermediately available C source
Fertilizer Peters Excell NA Camarillo, CA Provide additional macro- and trace
nutrients
© 2011 The Authors
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matter mineralization. Yeast extract is a general additive to cul-
ture media and was used to stimulate soil microorganisms at the
beginning of the incubation experiment and to provide adequate
N throughout the incubation period. Starch also provided labile
C at the beginning of the incubation experiment to stimulate soil
microorganisms. Lignin and cellulose were mixed in different pro-
portions to provide different levels of chemical recalcitrance. A
21:15:20 NPK-fertilizer, also containing micronutrients B, Cu, Fe,
Mn, Mo and Zn (Peters Excel, The Scotts Company, Marysville,
OH, USA), was dissolved in distilled water and added to the arti-
ficial soils to provide 21, 6.5 and 16.6 μg of inorganic N, P and
K added per gram of soil, respectively. The initial C:N ratio of
the artificial soil was approximately 30:1.
The first experiment, hereafter referred to as the ‘chemical-
recalcitrance experiment’, was designed to test how the chemical
composition would affect the temperature sensitivity of the decom-
position of model organic compounds. The second experiment,
hereafter called the ‘clay-mineral experiment’, was performed to
test how different clay minerals would affect the temperature sen-
sitivity of the decomposition of model organic compounds. Both
experiments used a soil matrix composed of coarse sand and clay
with a sandy clay loam texture, a small amount of microbially
labile organic compounds to stimulate microbial colonization and
fertilizer to eliminate nutritional constraints to microbes. The
added organic materials comprised 4.2% of the dry weight of
the artificial soils and the proportions of cellulose and lignin were
varied in the chemical-recalcitrance experiment (Table 2). Clay
minerals comprised 30% of the dry weight of the artificial soils
and the proportions of kaolinite and montmorillonite/garden lime
were varied in the clay-mineral experiment (Table 2).
In the chemical-recalcitrance experiment, two blanks (inorganic
blank and organic blank) and a natural wetland soil were incubated
along with four treatments. The inorganic blank contained only the
inorganic materials and determined if there was CO2 coming from
Table 2 Percentage (%) of artificial soil components by weight used in








Natural sand 25 25
Acid-washed sand 40 40
Kaolinite 15 30 20 10 0
Montmorillonite 15 0 9.7 19.4 29.1
Garden lime 0 0 0.3 0.6 0.9
Humic acid 0.3 0.3
Yeast extract 0.45 0.45
Starch 0.04 0.04
Lignin 4.2 2.8 1.4 0 2.1
Cellulose 0 1.4 2.8 4.2 2.1
Fertilizer 0.01 0.01
The artificial soils were composed of core materials, which were the same
for all treatments within experiments, and variable materials, which varied
between treatments. The total amounts of each mixture add up to 100%.
carbonates present within the sand. The organic blank contained
all materials except cellulose and lignin and determined the quan-
tity of CO2 derived from the humic acid, yeast extract and starch.
The amount of CO2 produced in the organic blank was then sub-
tracted from treatments to calculate cumulative CO2 production.
A wetland soil collected from the surface 10 cm of a natural wet-
land in Ames, Iowa, was incubated in parallel with these artificial
soils for comparison. In the clay-mineral experiment, the blank
contained 15% kaolinite and 15% montmorillonite/lime, and was
sterilized after soil microbial inoculation. The detailed artificial
soil creation procedure is described in Appendix 1.
Soil incubation
Vials containing 10 g (dry weight equivalent) microbially inocu-
lated artificial soil were placed in four incubators (Fisher Scientific
146E, Waltham, MA, USA) set at temperatures of 2, 12, 22 and
32◦C. Separate sets of four replicate samples were used to mea-
sure CO2 production rates. The vials were loosely capped with
lids to allow air exchange. To ensure that moisture remained con-
stant, samples were weighed every 2 days and water was added to
maintain the water potential at −0.03 MPa during the experiments.
Soils were incubated for 140 days, and rates of CO2 production
were measured at intervals ranging from 2 days at the beginning
to 1 month at the end of the incubation period. During each mea-
surement, vials containing the soil samples were sealed with lids
and flushed with CO2-free air. The sealed vials were placed back
in the incubator for a period of time that was sufficient to accumu-
late quantifiable amounts of CO2 in the headspace, ranging from
30 minutes at the beginning of the experiment to several hours at
the end. The vials were then taken out of the incubator and flushed
with CO2-free air through a LI-820 IRGA (Infrared Gas Analyzer,
LI-COR, Lincoln, NE, USA) to measure the amount of CO2 pro-
duced. The IRGA data were calibrated with CO2 standards of
known concentrations to evaluate the amounts of CO2 respired
in a certain time interval. From these data, CO2 production rates
were calculated.
Q10 calculations and statistical analysis
Q10 values were calculated by using Equations (1) and (2):
RT = b × ekT , (1)
Q10 = e10k, (2)
where RT is the cumulative respired CO2 (in mg CO2-C) at
temperature T at a certain time within a treatment, and b and
k are fitted parameters. Only cumulative respired CO2 at two
adjacent temperatures were used to calculate an individual Q10
value; for example, Q10 at 2–12◦C after 30 days of incubation
was calculated by dividing the cumulative respired CO2 at 12◦C
by that respired at 2◦C.
All statistical analyses were conducted with JMP 8.0 (SAS
Institute, Cary, NC, USA). Effects of temperature, chemical
© 2011 The Authors
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Table 3 Soil pH and water potential at −0.03 MPa for each treatment in both experiments (chemical-recalcitrance and clay-mineral composition)
Experiment 1 (chemical-recalcitrance) Experiment 2 (clay-mineral composition)
Treatment pH
Water content at
−0.03 MPa / % Treatment pH
Water content at
−0.03 MPa / %
0%Lig:4.2%Cel 7.31 26.13 0%K:30%M 7.19 24.99
(0.18) (0.26) (0.22) (1.4)
1.4%Lig:2.8%Cel 7.28 25.54 10%K:20%M 7.23 21.83
(0.11) (0.43) (0.01) (0.05)
2.8%Lig:1.4%Cel 7.27 25.26 20%K:10%M 7.37 18.00
(0.11) (0.34) (0.01) (0.55)
4.2%Lig:0%Cel 7.29 24.78 30%K:0%M 7.62 17.43
(0.08) (1.35) (0.08) (0.24)
Blank 7.38 24.79 15%K:15%M (sterile) 7.29 21.37
(0.16) (0.19) (0.21) (1.24)
Inorganic blank 7.16 23.20 — — —
(0.28) (0.63)
Wetland 7.25 26.29 — — —
(0.17) (0.58)
Cel = cellulose; K = kaolinite; Lig = lignin; M = montmorillonite. Standard errors are shown in the parenthesis (n = 2).
recalcitrance or clay-mineral compositions were tested by using
two-way analysis of variance (anova) on days 30 and 140. Data
were considered to be significantly different at the α = 0.05 level.
Results
The CO2 production rates reported in the study followed an 11-day
pre-incubation period at room temperature. This gave an opportu-
nity for the microorganisms to establish and the labile yeast extract
and starch C to be consumed (Tables S1 and S2). During the initial
pre-incubation, CO2 production tended to peak early and then sta-
bilize, indicating that microbial communities had established by
using the readily available organic materials (data not shown). The
data of pH and water content of all treatments of both experiments
are shown in Table 3.
Chemical recalcitrance experiment
The cumulative amount of respired CO2 in the chemical recalci-
trance experiment increased rapidly at the beginning of the incuba-
tion period and became slower toward the end for all temperatures
≥2◦C (Figure S1), which is typical of most soil incubation experi-
ments (Conant et al., 2008). Those treatments containing cellulose
at temperatures ≥12◦C had peak CO2 production rates at approx-
imately day 10. No such peaks were observed in the pure lignin
treatment or at 2◦C (data not shown). The cumulative production
of CO2 after 140 days of incubation was greater in treatments
with greater amounts of cellulose (P < 0.05, Figure 1e). The
same trend also was found after 30 days of incubation at temper-
atures ≥12◦C (Figure 1c,g). Wetland soil had comparatively slow
CO2 production rates, which were comparable to the all-lignin
treatment (Figure S1). Generally, greater temperatures induced
greater CO2 production (P < 0.05, Figure 1b,f). A significant
interactive effect was observed between chemical composition
and temperature at both 30 and 140 days, indicating that the
temperature response varied among treatments (Figure 1c,g). To
interpret the temperature responses of decomposition of the dif-
ferent model organic compounds better, we plotted calculated Q10
values over the time course of the incubations.
Temperature sensitivities (Q10 values) of different chemical-
composition treatments varied tremendously at the beginning of
the incubations and converged toward 1 after 140 days, proba-
bly indicating a depletion of labile C (Figure S2). Decomposition
of pure cellulose was sensitive to temperature at 2–12◦C, espe-
cially on day 30 (Q10 = 4.5), and the Q10 value at 2–12◦C was
greater than it was at higher temperatures (12–22 and 22–32◦C)
(Figure 1d,h). The decomposition of pure lignin, however, was
only sensitive to temperature (Q10 significantly larger than 1) dur-
ing the first 10 days (Figure S2); Q10 values were similar among
temperatures on days 30 and 140 (Figure 1d,h). Q10 values in
the cellulose-lignin mixtures were larger than those in the pure
cellulose and pure lignin treatments at 12–22◦C and 22–32◦C
(Figure 1d,h). The natural wetland soil had somewhat different
patterns to the artificial soil treatments: the decomposition rates
at all temperatures were sensitive to temperature (Q10 > 1), and
temperature sensitivities were greatest at 22–32◦C for the duration
of incubation (Figure S2).
Thirty days after pre-incubation, more than 25% of the cel-
lulose was respired in the pure cellulose treatment at temper-
atures ≥12◦C, whereas <2% of the lignin was respired in the
pure lignin treatment even at the highest temperature (Table 4).
The mixture treatments (1.4% Lig:2.8% Cel and 2.8% Lig:1.4%
Cel) produced CO2 at intermediate rates, but not at the rates
expected based on results from the single-chemical treatments.
The expected cumulative CO2 levels of the two mixture treatments
on day 30 were calculated from pure cellulose and pure lignin
treatments under the assumption that degradation of cellulose and
© 2011 The Authors
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Figure 1 Effects of temperature and chemical composition on cumulative soil CO2 production in the chemical recalcitrance experiment after 30 days (a–d)
and 140 days (e–h) of laboratory incubation analysed by two-way anova. Chemical composition is expressed as proportions of lignin (Lig) and cellulose
(Cel); all other added organic compounds were constant among treatments. The resulting Q10 values were calculated from cumulative CO2 production at
day 30 (D) and day 140 (D) to interpret the interaction effect better. Different letters indicate significant difference between treatments.
lignin had no interaction. Expected percentages of cellulose and
lignin C respired at 32◦C were greater than the measured percent-
ages (P < 0.05, Figure 3), indicating that the presence of cellulose
induced faster decomposition of lignin at higher temperatures.
Clay-mineral experiment
The cumulative respired CO2 in the clay-mineral composition
experiment increased rapidly at the beginning of the incu-
bation period and then slowed toward the end at tempera-
tures ≥12◦C (Figure S3). Peak CO2 production rates were
observed at approximately day 10 at temperatures ≥12◦C (data
not shown). Both of these trends were also observed in
the chemical recalcitrance experiment (Figure S1). Clay-mineral
composition significantly influenced cumulative CO2 production
rates. The CO2 production rate of the 10% K:20% M treat-
ment was greatest on day 140 (P < 0.05, Figure 2e). At tem-
peratures ≥12◦C, the CO2 production rates followed the order
of 10% K:20% M > 20% K:10% M = 0% K:30% M > 30%
K:0% M (Figure 2c,g). Generally, higher temperatures induced
greater CO2 production (P < 0.05, Figure 2b,f), as found in the
chemical recalcitrance experiment. Again, plots of Q10 through
time were created to interpret the temperature response of
the decomposition of model organic compounds better in soils
with different clay-mineral compositions (Figure 2d,h) because a
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Table 4 Percentage of cellulose and lignin C (artificial soils) and
percentage of total C (wetland soil) respired in 30 days after pre-incubation
at four different temperatures
Temperature
Treatment 2◦C 12◦C 22◦C 32◦C
0%Lig:4.2%Cel 2.2 25.0 25.3 27.3
(0.6) (3.2) (5.2) (4.0)
1.4%Lig:2.8%Cel 1.3 11.1 17.8 21.1
(0.7) (5.7) (3.1) (1.4)
2.8%Lig:1.4%Cel 1.2 4.2 8.4 12.6
(0.6) (1.7) (0.9) (3.5)
4.2%Lig:0%Cel 0.2 0.9 1.0 1.8
(0.2) (0.4) (0.3) (0.5)
Wetland 1.8 2.1 2.7 4.0
(0.1) (0.1) (0.3) (0.2)
Cel = cellulose; Lig = lignin. Standard errors are shown in parentheses
(n = 4).
significant interactive effect was observed between clay-mineral
compositions and temperature on both days 30 and 140 (P <
0.001, Figure 2c,g).
The temperature sensitivities of different treatments varied
tremendously at the beginning of incubation and converged to 1
at day 140 (Figure S4). On day 30, the pure montmorillonite and
mixture treatments had large temperature sensitivities at 2–12◦C
and the pure kaolinite treatment had large temperature sensitivities
at 12–22◦C (Figure 2d,h). The Q10 values at 22–32◦C were all
smaller than those at 2–12◦C and 12–22◦C, and were <1.1 on
days 30 and 140 (Figure 2d,h).
Discussion
CO2 production rates
The amounts of CO2-C produced over 30 days after pre-
incubation in the chemical recalcitrance experiment were com-
parable to other studies on lignin and cellulose degradation (Don-
nelly et al., 1990; Hamer & Marschner, 2002). In this controlled
study, greater amounts of cellulose induced greater rates of CO2
production (Figure 1) and, in the treatments containing both cel-
lulose and lignin, the presence of cellulose enhanced the decom-
position of lignin at the greatest temperature (Figure 3). Lignin
decay in the absence of cellulose was minimal at all temperatures
(Figure S1). These results indicate that lignin decomposition is
promoted by the availability of a labile C substrate, as suggested
by Hamer & Marschner (2002).
Cellulose is an important energy source for most soil microor-
ganisms; lignin, in contrast, is considered to be resistant to micro-
bial and enzymatic breakdown (Sollins et al., 1996), and its avail-
ability is a major factor that controls SOM decomposition rates
(Donnelly et al., 1990; Marschner et al., 2008). Other studies
have suggested that lignin can only be degraded co-metabolically
(Hedges et al., 1985) because lignin-degrading organisms do not
gain energy or nutrients from lignin degradation and decomposers
need easily available C sources to initiate lignin degradation
(Haider, 1994).
In the clay-mineral composition experiment, the greatest CO2
production rates were found in the 10% K:20% M treatment,
followed by 20% K:10% M and 0% K:30% M treatments, with
the slowest CO2 production rates in the pure kaolinite treatment
at temperatures ≥12◦C (Figure 2). This finding is somewhat
contrary to the widely accepted notion that soil C is preserved
by clays having greater surface area (Sørensen, 1975; Saggar
et al., 1996). Montmorillonite has much greater surface area than
kaolinite and therefore is more reactive and more capable of
interacting with organic matter, and mineral organic interactions
could preclude decomposition by microbes (Sørensen, 1975;
Baldock & Skjemstad, 2000). It therefore was expected that
CO2 production would decline with increasing montmorillonite
content in this controlled experiment. However, greater surface
area does not always lead to greater stability of associated
organic matter. For example, Rong et al. (2007) reported that
clay minerals stimulated the growth of Bacillus thuringiensis
Berliner, and that the enhancing effect of montmorillonite was
greater than that of kaolinite. Ziervogel et al. (2007) argued that
the extent to which organic matter was degraded by microbial
communities depended not only on the organic matter chemical
quality and its association with mineral surfaces, but also on the
extent to which microorganisms and their extracellular enzymes
may be associated with mineral surfaces and the consequences
of such associations on enzyme activities. Sorbed enzymes are
believed to play important roles in organic matter mineralization
in terrestrial (Sollins et al., 1996) and aquatic (Tietjen & Wetzel,
2003) systems.
Thus, montmorillonite and kaolinite may have different adsorp-
tion capacities for different organic materials, microorganisms and
their extracellular enzymes, and may differentially affect substrate
availability to microorganisms. The controlled study conducted
here suggests that soil containing both kaolinite and montmo-
rillonite promoted microbial degradation of the added organic
materials more so than did soil containing only kaolinite.
Adsorption of organic substances to clay minerals is further
influenced by the type of cation associated with montmorillonite
clays. The Ca-montmorillonite clay used in this study exhibits less
swelling than Na- or K-montmorillonite clays, and the interlayer
spacing is less accessible to large organic molecules and microor-
ganisms (Filip, 1973). Interlayer adsorption is one of the mecha-
nisms that protect organic compounds from microbial degradation.
Therefore, small interlayer openings in Ca-montmorillonite may
have contributed to the stimulatory, rather than inhibitive, effect
of montmorillonite clay on the decomposition of model organic
compounds in the artificial soils.
Temperature sensitivities
The temperature sensitivities (Q10 values) were calculated by
using the cumulative CO2 production on days 30 and 140 after
pre-incubation (Figures S2 and S4, Figures 1d,h and 2d,h). We
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Figure 2 Effects of temperature and organic matter (OM) composition on cumulative soil CO2 production in the clay-mineral experiment after 30 days
(a–d) and 140 days (e–h) of laboratory incubation analysed by two-way anova. Clay-mineral composition is expressed as proportions of kaolinite (K) and
montmorillonite (M); added organic compounds were constant among treatments. The resulting Q10 values were calculated from cumulative CO2 production
at day 30 (D) and day 140 (D) to interpret the interaction effect better. Different letters indicate significant differences between treatments.
also followed the method of Conant et al. (2008) to calculate
Q10 values for similar C-qualities by summing identical amounts
of CO2 evolved at the different incubation temperatures (Figures
S5–S8). Because of slow decomposition rates of treatments 4.2%
Lig:0% Cel and 30% K:0% M, the Q10 values could only be calcu-
lated when less than 6% of C was respired. This made it difficult to
compare long-term effects. Because similar results were obtained
by the two Q10 calculation methods (Figure S9), we chose to
calculate Q10 values on certain days during the incubation.
The temperature sensitivity was always greater at the begin-
ning of incubation when the labile substrates were abundant and
converged to 1 at the end (Figures 2 and 4), indicating either
the exhaustion of decomposable materials or a build-up of waste
products. This process occurred more rapidly at high tempera-
tures and more slowly at low temperatures. The decomposition
of pure cellulose was particularly sensitive at low temperature
(2–12◦C, Figure 1d), whereas higher temperatures had less effect
on cellulose decomposition rates. However, higher temperature
was always favourable for lignin to decompose within the tem-
perature range of this experiment with the presence of cellulose
(Figure 1d). Lignin is a recalcitrant substance because of its aro-
matic and disordered structure, which can only be decomposed co-
metabolically (Hedges et al., 1985; Marschner et al., 2008). The
pure lignin treatment was more sensitive to temperature at the very
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Figure 3 Measured and estimated percentage of original cellulose and
lignin C (±SE) respired in 30 days after pre-incubation at four different
temperatures for two mixture treatments (1.4% Lig:2.8% Cel and 2.8%
Lig:1.4% Cel) (n = 4). The expected percentages were calculated from the
pure cellulose and lignin treatment under the assumption that degradation
of cellulose and lignin had no interaction. *Indicates that the measured
and expected percentages were significantly different (P < 0.05). Cel =
cellulose and Lig = lignin.
beginning of the incubation, when readily available organic matter
was still present. Later on, lignin decomposition rates approached
zero and Q10 values approached 1 (Figures S1 and S2). High
temperatures apparently favoured the co-metabolism of lignin and
cellulose, as indicated by the relatively large Q10 values at inter-
mediate and high temperatures in the mixed chemical treatments.
The Q10 values were often less than 2. This may indicate that
substrate decomposition was limited by factors other than temper-
ature. In the high-lignin treatment and at later stages of incuba-
tion, substrate decomposition might have been limited by readily
available C. At greater temperatures and with high-cellulose treat-
ments (with high respiration rates), substrate decomposition might
be limited by physical interactions between soil clay mineral
and substrate. According to Michaelis-Menten kinetics (Davidson
& Janssens, 2006), such limitations lead to small temperature
sensitivities.
Temperature sensitivities at low temperature were large, espe-
cially in the treatments with greater cellulose and in mixtures
of montmorillonite and kaolinite clays (Figures 1d, 2d). Sim-
ilar results have been reported in other field and laboratory
experiments. Kirschbaum (1995) reviewed laboratory studies and
observed that Q10 values decreased with greater temperatures.
Vanhala et al. (2008) studied the short-term temperature sensitivity
of boreal forest soils and also found that temperature sensitiv-
ity of the decomposition increased with decreasing temperatures.
Zheng et al. (2009) measured the temperature sensitivity of in situ
soil respiration (including root respiration) in 15 ecosystems and
compared previously published Q10 values from 34 ecosystems.
They found that ecosystems in colder regions had relatively large
Q10 values.
Conclusions
We used artificial soils as model systems for understanding the
complex interactions involved in the decomposition of organic
matter while attempting to minimize confounding and frequently
unmeasured factors that make each soil unique. The artificial
soils we developed also have limitations. They may not dupli-
cate accurately the micro- and macro-aggregate structures that
have developed over time in natural soils and which are stabi-
lized by biotic binding agents such as polysaccharides (Sollins
et al., 1996). The naturally occurring aggregates could physically
restrict microbes from accessing internal organic materials (van
Veen & Kuikman, 1990). In contrast, the artificial aggregates cre-
ated by the initial mixing in this study may not have been stable
and thus allowed access to internal organic materials. Also, nat-
ural aggregates might behave differently at rising temperatures to
aggregates created in the artificial soils. Additionally, introduc-
tion of CaCO3 with montmorillonite increased Ca2+ content in
the artificial soils, which possibly increased adsorption of organic
compounds to these clay minerals (Yuan et al., 2000) and thus
affected the degradation of model organic compounds. Despite
these possible limitations, we found that the presence of cellulose
enhanced the decomposition rate of lignin at high temperature,
and the clay composition, at a constant total clay content, affected
the decomposition rates of organic compounds. We feel that the
results obtained by using artificial soils could help identify the
mechanisms by which soil attributes and environmental variables
influence organic matter dynamics in natural soils.
Supporting Information
The following supporting information is available in the online
version of this article:
Figure S1. Cumulative respired CO2 (±SE) at four temperatures
of the chemical recalcitrance experiment (n = 4). Day 0 is the
first day after the 11-day pre-incubation. Cel = cellulose and
Lig = lignin.
Figure S2. Calculated Q10 (±SE) for each treatment of chemical
recalcitrance experiment (experiment 1) at three different temper-
atures (2–12, 12–22 and 22–32◦C) (n = 4). Day 0 is the first day
after pre-incubation. Cel = cellulose and Lig = lignin.
Figure S3. Cumulative respired CO2 (±SE) at four temperatures
of the clay-mineral composition experiment (experiment 2) (n =
4). Day 0 is the first day after pre-incubation. K = kaolinite and
M = montmorillonite.
Figure S4. Calculated Q10 (±SE) for each treatment of clay-
mineral composition experiment (experiment 2) at three differ-
ent temperatures (2–12, 12–22 and 22–32◦C) (n = 4). Day 0
is the first day after pre-incubation. K = kaolinite and M =
montmorillonite.
Figure S5. Percentage of respired C versus CO2 production rate
of experiment 1 (chemical recalcitrance experiment). The vertical
solid lines indicate the percentage of C respired at pre-incubation
periods. The dashed vertical lines indicate the percentage of yeast
extract/starch C, which was possibly all respired during the pre-
incubation period.
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Figure S6. Percentage of respired C after pre-incubation versus
Q10 values of experiment 1 (chemical recalcitrance experiment).
Only 6% of C was respired in treatment 4.2% Lig:0% Cel, making
it impossible to compare Q10 values between treatments beyond
the point of 6%.
Figure S7. Percentage of respired C versus CO2 production
rate of experiment 2 (clay-mineral composition experiment). The
vertical solid lines indicate the percentage of C respired at
pre-incubation periods. The vertical dashed lines indicate the
percentage of yeast extract/starch C, which was possibly respired
during the pre-incubation period, except for the treatment with
30% K:0% M.
Figure S8. Percentage of respired C after pre-incubation versus
Q10 values of experiment 2 (clay-mineral composition experi-
ment). Only 6% of C was respired in treatment with 30% K:0%
M, and it again is impossible to compare Q10 values between
treatments beyond the point of 6%.
Figure S9. The Q10 values calculated when the same amount of
C (6%) was respired after pre-incubation (1 and 2), compared with
the Q10 values calculated at a certain time (day 30, Figures 1d and
2d in the paper). We choose 6% because this is the largest amount
of C respired in treatments 4.2% Lig:0% Cel and 30% K:0% M.
Note that the trend is similar between 1 and 1D, and between 2
and 2D. That is, this alternative approach for Q10 calculation does
not alter our conclusions, at least for the short-term incubations.
Because of slow CO2 production rates in some treatments, it is not
possible for us to create a similar comparison for the longer-term
incubations.
Table S1. Carbon masses and CO2-C production during experi-
ment 1 (chemical recalcitrance experiment). Standard errors are
shown in the parenthesis (n = 4).
Table S2. Carbon masses and CO2-C production during exper-
iment 2 (clay-mineral composition experiment). Standard errors
are shown in the parenthesis (n = 4).
Please note: Blackwell Publishing is not responsible for the
content or functionality of any supplementary materials supplied
by the authors. Any queries (other than missing material) should
be directed to the corresponding author for the article.
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1 Sands, humic acid, yeast extract, starch, montmorillonite,
kaolinite (in the chemical-recalcitrance experiment), lignin
and cellulose (in the clay-mineral experiment) were indi-
vidually weighed and combined together according to the
mass-based proportions shown in Table 2. The mixture was
rotated with no water overnight in a slowly rotating rock
tumbler (THU 130-GP, Thumler’s Tumblers, Auburn, WA,
USA) for complete mixing.
2 The parent mixture generated above was then separated into
smaller containers (500 ml) for four different treatments
and blanks. Lignin and cellulose were added in different
proportions (see Table 2) to soils for the chemical recal-
citrance experiment; montmorillonite, kaolinite and garden
lime were added to create the chemical recalcitrance exper-
iment, according to the proportions shown in Table 2.
3 The fertilizer was dissolved in distilled water at a concen-
tration of 0.1 g ml−1 and added to the artificial soil mix-
ture to reach a moisture content (mass:mass) of 3%. Large
water-formed aggregates were broken carefully with a metal
scoop.
4 The individual mixtures were again rotated in a rock tumbler
overnight. More distilled water was added to treatments,
blanks and to air-dried wetland soil, but less than needed to
reach the desired water content at potential of −0.03 MPa
by observation. The water contents were recorded for water
content control. Large aggregates were broken carefully
using a metal scoop.
5 Twenty grams of soil (dry weight basis) of each treatment
was removed and air-dried to measure the water content at
the potential of −0.03 MPa.
6 The rest of the soils were autoclaved at 121◦C for
30 minutes, and then rotated in a rock tumbler for 2 days.
7 The moist mixtures were separated carefully to 10 g (dry
mass basis) and put in individual 75-ml vials; this step
was completed within closed containers to prevent water
evaporation.
8 Additional soil was used to measure pH values and soil
organic C contents.
Characteristics of artificial soils
9 Soil water contents of all treatments were measured at a
potential of −0.03 MPa: two sample replications of air-
dried soils were packed into 2-cm tall, 5-cm diameter rings
on a one-bar ceramic plate; soil bulk density was not
controlled. The samples were saturated from the bottom
and then placed in the pressure chamber. Pressures of
−0.03 MPa were applied and maintained for 24 hours to
reach equilibrium at each pressure. Samples were then
removed from the chamber, weighed, dried for 24 hours
at 105◦C, and reweighed to determine the soil gravimetric
soil water content (θ , g g−1) according to θ = mass water
mass solid
.
10 Soil pH was measured according to the method modified
from Thomas (1996): 2 g of soil was weighed and put into
a small beaker, and then 4 ml distilled water was added.
The mixture was stirred gently and then left to settle for
30 minutes before measuring pH.
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11 Soil C contents were measured by the ISU soil and plant
analysis laboratory using the combustion method on ground
dry soil samples.
Microbial inoculation and pre-incubation
12 Natural soils were freshly collected from the surface 15 cm
from local forest, prairie and wetland sites. Fifty grams of
each soil was weighed and mixed in a beaker, and 150 g of
distilled water was added and stirred carefully. This soil-
water mixture was then subjected to dispersion using a
sonicator (Bransonic 5510, Branson Ultrasonic Co.,
Danbury, CT, USA) for 10 minutes, and the dispersed soil
was allowed to settle for 2 hours. The ultrasound treatment
proved to be more efficient for desorbing microbial cells
than shaking (Filip, 1973). The supernatant was poured into
another beaker and 0.3 ml of the supernatant was added to
each vial to let the soil microorganisms grow in the artificial
soils. Then soil moisture was adjusted to −0.03 MPa. The
inoculated artificial soils were left at a room temperature of
22◦C for 11 days to let the microbiota colonize the newly-
made artificial soils, which contained nutrients and readily
available organic matter.
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